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Finai Keport to Rome Air Development Center for Sponsored Kescaren m "Oblique
lonosprerie Heating and Effects o, Radio Propagation™ during Mav 11 September 30.

1987, Prepared by

Dr. Min-Chang Lee

Principal Investigator

1. Introduction

Preliminary research under the sponsorship of the RADC has been actively conducted
at NZlassachusetts Institute of Techrology in the following three areas: (1) Self-focusing
of high power radio waves traversing the ionosphere. (2) Nonlinear scattering of radic
wa o~ ol the onospheric density striations. and (3) Enhanced ionospheric heating by the
combined operation of two heaters. Brieflv described as follows 1« the research progress in

these projects

2. Self-focusing of radio waves

A graduate student, H.C. Han. has analyvzed the self-focusing of a Gaussian radio wave
bearn propagating through a umform. maznetized plasma under the supervision of Dr.
Min-Chang Lee. This work. when applied to the ionospheric radio propagation, offers
the following scenario. The radio waves injected from a ground-based transmitter can
be approximated as piane waves during their transionospheric propagation. Through the
filainentation instability (Lee and Kuo. Radio Science. 1983), wave-like ionospheric density
Huctuaton- can be excited and. consequentiv, break the radio wave beam into filaments.
I'hese filaments can be approximately described by Gaussian radio wave beams.

The seif-focusing process under consideration arises from the radio wave-ionospheric
plasina mteractions that vield nonlinear {oreces acting primarily on electrons. These forces
mav cause the increasing of ionospheric plasma diclectric constant along the radio wave
path and results in the focusing of radio waves. The nonlinear forces induced by radio waves
are the thermal pressure force and the ponderomotive force. These nonlinear forces work

additivelv in causing the self-focusing of radio waves thongh ane mayv become dominant




onver e other under certain tonospheric condivons.  For instance. the thermal pressure
force 1> the dominam force when the scale fengths of induced plasma density fluctuations
along the veomaanetic tield line exceeds several electron mean free paths.
N . . . T - V. N T LY

under the seif-focusing process, the shape of a radio wave beam can be aitered. More
~peciicailv. @ Gaus<ian radio wave beam will change its field intensity profile during the
transionospheric prepagation. The enhanced field intensity near the beam center due o
the seif-focusing process can result in intense electron heauing and lead to the generation
of hot spots in the ronosphere. Ax the first step in our theoretical anaivsis of the problem.
we oniv consider the ponderomotive force effect for simplhicity The threshold power of
the concerned process is detertiined by the belance between the natural difiraction and
the seif focusing process. It depends upon the imtial beam width. the nonlinear dielectric
constant. and the wave number.

Solving the nonlinear wave equation. we can cleariy see the trend of the spatial
evolution of the wave feld intensity profile. namelve a Gaussian radio wave beam doc.
not maintain its shape during the self-focusing process in the ionosphere. If we ignore the
- sturition pro-esses, the fucal length can be defined to be the propagation distance before
tae wave teld intensity reaches infinity due to the self-focusing effect. This theoretical focal
fenigth represents the upper bound of the characteristic path length for the s<elf-focusing
process to accomplish. Since the thermal pressure force and the ponderomotive force
contribute additiveiy o the seif focusing of radio waves. our calculated threshold power 1s
apparentiv overestimated because 1n our {ormulation of the theory we ignore the effect of
L : - . ,
the thermal pressure force. However, interestingly enough. our threshold power has the
~anie order of magnitude as that found by the numerical work of Bernhardt and Duncan
JATE. 1ux2) who. by contrast. neglect the «Hect of the ponderomotive force. In our future
anacvtical study of the «eif focusing process. we shall include the thermal pressure force
to obtain a complete physical picturc of the concerned process. Attached with the report
as the Appendix A is the preprint of a proceedings paper that wiil be published by the

lonosphernic Effects Svmposium held during 5 7 Mav, 19K7.

3. Nonlinear scattering of radio waves in the ionosphere

\ nonlinear scattering process has been analvzed by Keith M. Groves. another graduate
audent of Dro Min-Chang Lee to show the nonlinear mode conversion of radio waves into
cectrostatic plasma modes in the presence of tonospheric density striations. This work
was motivated by the observations of the speciral broadening of monochromatic VLEF
radin <gnals traversing the jonosphere conducted in the so-called VLEF wave injection

cxperimnents (Bell et al., 1983).
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\ccording 1o Bell et al. {1983), a bandwidth expansion as large as 100 Hz was
cxperienced by a neariyv monochromatic signal at 13.6 KHz - 1 Hz injected from a ground-
based VLF transmitter as the signal traversed the wonosphere and reached the satellite
chitudes in the range of 600 35300 kilometers, In other words. the expansion of bandwidth
as targe as 17 of the carrier frequency was observed 1n the transionospheric propagation of
\V'LF waves. ['he off-carrier components are believed to be electrostatic in nature {Inan and
Bell. 1985). This phenomenon occurs onlyv in the presence of impulsive V'LF hiss and/or a
fower hybrid resonance (LHR) noise band with an irreguiar cutoff frequency. and only for
~ignals whose frequencies exceed the LHR frequency at the satellite loration.

Two mechanisms have been proposed to explain the spectral broadening phenomenon.
One 1= the noniinear scattering pracess of VLF signals by the existing ionospheric density
Haeruations that renders the nonlinear mode conversion of VLE waves into lower hvbrid
ve~ The scattering of VLEF waves by ionospheric density fluctuations causes elliptically

A

oatarized modes. However. we find that the nduced elliptically polarized mades may
hecome predominantly clectrostatic. Thev occur when the scale lengths of 1wnospheric
density irregularities are much less than the VLE wavelength. We note that the scattered
V'LF waves. therefore. have a broadened wave vector spectrum that can give rise to the
Doppier shift of the VLF waves as the movine satellite sensed.

The other proposed mechanism suggests parametric instabilities that can produce a
spectrallv broadened signal. The injected VLF wave excites both the Stokes and anu-
Stokes components of lower hvbrid waves. concomitantly. producing a field-aligned purelv
crowing mode Lee and Kuo., 1981 . The Doppler shift of the sidebands relative to the
whistler pump wave created a spectrally broadened signal. A paper submitted by the
cradnate student. Keith M. Groves and accepted already for the Student Prize Paper

Cosmpetition in the 1988 National Radio Science Meeting. Boulder. Colorado is attached

as the Appendix B of this report.

4. Enhanced ionospheric heating by two heaters

The other project conducted by Dr. Min-Chang Lee at MIT with the participation
of vraduate stndents. C.P. Liao. D.R. Rivas. and K. M. Groves 1s the theoretical analyvsis
of enhanced jonospheric heating by the combined operation of two heaters. The proposed
wenario s as ollowss Nhuminate the sonospherie Foregion by avertically injected HE or
I Neater wave first, Then. launch a VLI wave propagating through the HF or ME
snodified jonospheric region.

[t has been known hoth theoretically and experimentally that short-seale (tvpically

cieterseale) ionospherie density striations can be excited by a verticallv injected HE or
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\MFE wave from a ground-based transmitter in less than a second (Lee et al.. 1986), while
darge-~cale sav, hundreds of meter-scale) striations need tens of seconds to be excited.
[t 1~ desirante to operate the HE or ME heater in a puised mode with a duration of.
<Ay, o ojew seconds Lo oassure the favorable exctation of meter-scaie rather than large-
~cale jonospheric density striations. As discussed 1n the previous section. the HEF or MF
wave induced meter-scale ionospheric density striations are able to nonlinearly scatter the
subsequentiv launcned VLE wave into a quasi-electrostatic mode. viz.. a lower hybrid wave
mode.

Several prominent jonospheric effects can be expected and tested experimentally. The
most notable effects are associated with the generation of lower hyvbrid wave modes that
can etfectively accelerate electrons along the geomagnetic field. The electron acceieration
lead- 1o airglow (6300 4. 5377 .-} enhancement and. then. a broad height distribution
of nlasma iines that can be measured by incoherent backscatter radars. resented n
Appendi s the rescarch progress in this wark.

The further theoretical investigation of this project shall be pursuea ana extended
16 the case that the IiF waves are injected obliquely from o ground-based transmitter.
Collaboration with Dr. Stanford Yukon of RADC is expected. Dr. Yukon's ionospheric
radio research group has been actively planning an oblique 1onospheric heating experiment
with other \ir Force research groups and umiversities. During the oblique 1onospheric
neating bv an HF wave. the short-scale 1onospheric densitv striations cannot be excited
hecause the radio wave-ionospheric plasma resonance conditions cannot be matched for
the cxcitation of parametric decay instabilityv. However. reiatively large scale (> tens
of meters) 1wonospheric density striations can be generated via other plasma instabibties
<uch a- filamentation instabilitv, self-focusing instability. Brillouin instability. and Raman
‘nstabilitv. Hence. in principle. these instabilities are still capable of converting the VLEF
waves into lower hvbrid waves via the nonlinear scattering process.

['he calenlation of wave field intensities in the caustic region of an obliquely propagating
HE vave were carried out by Field and Warber (1985). Their calculations show that a
transmitter having a power-gain product of 5 “IW can launch an oblique wave strong
enough to produce electric fields of several tenths of a volt per meter or more in the
caustic region. If the wave field intensities are indeed so intense as Field and Warber
i 1985 indicate, strong ohmic heating of electrons can be expected. Nevertheless. in the
recent oblique experiment conducted in Mane by AFGL, RADC. University of Lowell.
and ST, no indication of electron heating was seen. W shall look into this problem in
the near future for the obligne heating experimnents currently being planned by the RADC

and AFGILL

£~




5 1 resentation of rescarch results in conferences

Fwo trips made for attending conferences were supported by the RADC contract. One

was the trip o Springfield. Virgima in Mav, 1987 made by Dro Min-Chang Lee with four

~tudents ta present five papers in the onosphene Effects Symposium. The other trip was
sade by Dro Min-Chane Lee alone to Vancouver, Canada for delivering an invited talk at

“he TAGA General Assembly tn August, 1OXT
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THE SELF-FOCUSING OF A GAUSSIAN RADIO WAVE BEAM

Abstracy

A+ a tagh-power radio wave beam propagates
‘i the ponosphere. the nonlinear interactions between
“he wave and plasmas can lead to the self-focusing ot
*he radiy beam.  The required tineshold or cnitical
power ix determyned by the balance between the naturai
diffraction and the self-focusing process. “olving the
nonlinear wave equation near the wave beam center. we
can obtain the focal length for the concerned process to
accomphsh. It has been shown that a Gaussian radio
wave beat shall not mamntain its shape duning the self
focusing process in the ionosphnere.

1. Introduction

Ihe seif focusing of radio waves 111 ~pace hac re.
cerved much atrention 1n the research on 1onospheric
modification by high power radio waves.  This phe-
nomenon, has also been actively studied in optical me-
dia see. e.g. Chiao et al.. 1964 Kellev. 1965: Lu-
govor and Prokhorov, 1971 and references therein . In
ionospheric plasmas. the seil-locusing of radio waves
arises from the wave-ionosphere interaction that yields
nonlinear forces acting primarily on electrons. These
forces may cause the increasing of iouosphenic plasma
Jdielectric constant along the radio wave path and re-
-uits 1n the focusing of radio waves. The nonlinear
forces induced by radio waves are the ponderomotive
force and the thermal pressure force. When the scale
length of plasma density perturbation along the geo-
magnetic field line exceeds several electron mean f{ree

App-A-1




paitoe. the therniad pressure force donnnates over the
Dotoier anotive foree 1 cansing the self focnsing ista

by

Foder the seif-focusime process. the shape of o
adio wave Dearn can be gltered. Lore specifically.
4 Gansstan radio beams will chanee it~ field noensin
profife throueh the transionosphenc propagation. [he
prarpose of the present work 1s to investicate analvticaliv

“has problem. M- the first step. we restrict ourselves
on the ponderomotive force effect only. One can see
the trend of the spatal evolution of the field intensity
orofile. The thresnold field {or the self-focusing process
surns out to he Jdependent of the tnitial beam wadth.
the nonimear dicieernic constant, and the wave nuimber.
From the analsvsis of the antensity profile. certan
c~uinbtions made 1 solving the wave equation. sucln os
‘he expanston of the field intensaty as a functon of o
near the heam center. and the nedlect of the diffraction

etfect  can be nstified.

2. Nonlinear Wave-lonosphere Interactions

When a bagh power radio wave beam propagates
Lotoe tonospheres thie radiation pressure gves rise to
Honlinesr forees xnown as the ponsderomonive foree
acnine Sasreally on oelectraons, of the wave frequenc
- sumen togher than the jon plasma frequency. The

Donpleromonive Ioree acting on an electron is given by

B

{‘{I, ' ,\_.,1; o

R T

where 4 i the amphitnde of thie wave eolectrie field,
£ tiroos st Sinee thas foree pointsan the direction
gpposite 1o that of VA= as able vo push the electrons

ot oof the wave path.

Vi oeleerroor ander the action of ponderomotive
co feers an o aonparent electrical potential determned

! i

. A $2

1] ' -
t

Yo, -

Pnder the conditions that 15 o <lowiv varving in tiune.

At 2t hiis o ccaae senegth mnuch preater than the Debive
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Cenett oo thne the piasiea s locadly b ermiadiced. the
:

Beltonann relation i the Jresence of ponderomgotive

TOTCEe ORI e WTITTeT s

, _'.1.'
0 CLeND

NV DU S VIO

where © s thie backaround electron density, 4 g o~ the
Boltzinann constant. I, 1s 1on temperature, and [, i~
ciectron temperature. 1 herefore. the dicleciric constam
of the plasina s given by

{ “ ’ R }
' ,;."‘; Lexpr - - - - R
‘ ~- g L, - Lo -

snere e s the dielectric constant for free space . and <
~the acaeronnd electron plasina freguency, Asuniny

e e fr'-r;m’nc}.' ~ s taueh coeater than e Lol

clecTTon Doastha [Tequency o, we can express by b

s
3 T L v
wohiers
¥
Lo
; P
tp - tofl 5 1H)
)
tow
“,\4: -
T e '
gt T, - T, o
Phe o nentified oo te thie backeronnd dielecrne

constant and the Ligher arder terms o0 oy Letel are

depetident npon the field intensitve For instance. the
Setdanrensry dependence tyeos van be shown to be
to PR [
vhers
a
fo st
e , . ! R 1)
vhgo - Fom, o

3. Noniinear Wave Equation

Connder @ powertnd radio wave propagating in s
direcrion. Phie wave eqnation s coverned by
v; o
ok i (R S N AT 100

4 o1t




[f we assume that o 0 e 4 -~ we onh need

to retarn the irst two terms i Eqoo50 Then neglees ue

1he first termn in Ego o100 vields

[ "; R
C-FE o, % Y (11
of. -
Let £ Sirctexp ks ) oowhere & as the showlys
varving field amplitude veeior. A o ple 1s the

unperturbed wave number and « 1s the wave frequency.

rh(’ll‘ we i ave

- —
J 1
V\L&', \A"é -_Lwl,.‘c, ( l{ ‘ z
- gl tpplo| =lw , |
1z i1 -
(e N 4=
LSO N Ve - ) i, 8 0 (12
o ot -

ILe guantties N 0 A 0 V0 T oand - are achinea.
respectivelv, as the scace lengih of & wiong the z-axis.
that perpendicular to z-axis. the wave ¢nuth. the wave

: N : R . -
period. and the time scale of the temperal vanation of &
For <implicity, we consider a cylindrica! wave beam with
T - = which implies the quasi stationary condition.
and V- A - A . The order of magnitude estimates

of each term i Eq. (12) are made as follows:

AR —5 e
- \i lL).)E‘ 1 T.) .
P S
e e STERRC.
o . N . J—
A% e | LWt oen
'_TI;I,/,.‘ - ¢ o = ¢
e = ot - €
~111\ ¢ i / ’t‘: I ) ~J
ol VoA N e dé - [-'-‘C
~fo X o "y y ¢
422 Jt ot A\ T ep
) . TTe2 o . .
<ot V2 L a-e | A .
’ '1' o 7)*‘ a0 =&
RS 1T JiT ATy
REXE TS = R
floe ot \\'2 T

Nealecting the higher order terms but keeping the
transversal part of the {irst. the second and the third
termes in Eq. 112) leads to

e N
277 R ol E0 (13)
‘1z p
\pp-A-d




4. Profile Evolution of Wave Field Intensity

Ler & v Luiziexpestoozr Substitntimg ¢ into
Fa.rb3 ana separating the real and nuaginary parts of
t13.0 we have the followiuz two equations

RN RO A ST
2k~ _:’-r - .—11—7; - —— =1 14
)z ()Q ao ‘,ﬂ).- Y L"i_‘
a4 1od Ay Dt ke
-y = - - 24— ~ 4(“ - =4 =0 (15
o~ RELT oz (’Q tp

expressed 1 the evhindneal coordinate system with
azimuthal svinmetry for a uniform. isotropic collisional
pla:ma. [ese two (‘quatinns can be rewrit.en as

Ly
S SRRt G ey T

- =" T T
1z - 4

Eq. +17: can be further rewritten 1 the form of
the Hamilton-Jacobt equanion tor the particle motion:
_": 0TS - 20 = 0. where %(VS‘I: - 217 s
the Hamiltonian. TS is the momentum and " is the
potential field Wagner et al. 1965 . We can specify the
time with Az the spatial coordinates with Ao, N with

-V A

TRty T,
represents the diffraction effect and the second term
represents the nonhnear effect (1.e. the focusineg etfect).

~oand vV owith “2° The first term with V'

From the Hannlton-Jacobi equation. we have

1~ 3
(”_:: - .};" Il\l
iz~ o
where ,
v 1 N 4 €. ]9\
_ SRS l
2 hk-4 ‘p

This equation describes the radial position o of a rav as
a function of = on s trajectory. as an analogue to the
particle motion 1 a potennal field. The trend for the
~patial evolution of the wave field intensity profile can

then he seen

Suppose that we have a GGaussian heam with the

Setd antensiv o) A ex ‘LI oo owhere Ly s
~|'[‘;




the peax intensity. and w,, 1> the beam width. Since

"

o
ea o A exp

s ) from Eq. o~ the potennal 17,

¢
o
u“]

fence. o tunction of o given hy

A O T S S e _
Vi ! -5 - T - ——_—{y'”w Ca 1205
R S e u*‘" t .

) N

The first two terms on the right hand side represent
diffraction while the third term represents the focusing
effect. If V' has a maximum al o - omgr. then the
focusing effect is domunant for o < omger. wWhereas the
diffraction effect 15 dominant for o = omar. The omar

can be determined bv taking the derivative of V7 with
respect to o as follows

R B
TEEETE .
Omar = Waln —— 21
¢ . -
!
['he “critical power™ for self-focusing can be defined by
~etting oymgr = 0in Eq. (21, viz..

e D 4
(4;,-’;)‘ = *.,—F.),- (221
k=wz3q
Consider a Gaussian beam with 4, > AY) and

a plane wave front (i.e. %%’ .—g = 0). The portion
of the beam at o < pmar will be focused. while that
at 0 - omar will be diffracted. In other words. an
immediate redistribution of field intensity is expected.
The shape of the beam will change from a GGaussian to

nne with a sharper center and higher wings.

In fact. for any field profile peaking at the center
and dving out as o gets large. we can do the local
analvsis near o — 07 . We can expand the field intensity
profile in a series of o for o - 07. Then. this senies can
be written as 1 - p ~ ... after normalizing the first
term and defining a new variable n. Substituting this
series into Eq. (19), we can see that n can not be less
than 2 to avoid the physically meaningless singularity of
V" at o = 0. With this restriction. together with a high
enough beamn power, the focusing effect will donunate
over diffraction near the beam center. Under the afore-
said conditions, i1t is then possible to solve Eq. (13)
analvtically near the beam center.
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5. Self-Focusing Near The Beam Center

For <imple mathematical manipulation. we express

S L

Eooxe g Ege o130 leading to the following two
coupled equations

RS LN, a8, TS, -
e = e e
o= o do o Ao/
v Y
ZA) k=30 <
] S T T I REY
(): (P
0 N .
Tt 108 Js,,  ds as,
T e Kl IR RS
o= o do do ' do ! J:

where Sto.2) = Spto. 21~ S0, 21 If the wave power
1s much greater than the critical power. we can make
the following approximations:

111 The diffraction terms in Eq. (231 can be neglected
as o — 07,
.. N b
(1) Spto.2) = anptzr —o0%asiz) - 9404(:1 -
i) By assunung a spherical wave front. we lave
. Y
Spoozy = bglzy = pobaiz)
Using the above expansions for S; and &, mn
Eqgs. 12300 124) and collecting terms of the same order
in 0. we then get a set of equations for a's and b's.
If we neglect terms higher than the secoud order of o.
Eqs. 1231 and (241) become

k3o
;)In = _.(In) _).)I
e
~r
: k2 3y
Y
Db‘:) - Abl.) = - -'Jyna': (16.
‘p
4 -
a;n - E}l‘larn = O (2"
) ;4
a - L—b-zag =0 (28
where a,; = 2% If we define a function g¢(z) =
J7baez"yds" then Egs. 1261-12%) have the forms of
: k=3, 5
Y - .
2" - kg" —Semeye K {26")
’l,
i( ~1
AQm - me 09 {279
1
ar e 4 (28"
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where ¢, and ¢, are mtegration constants. The itial

c‘()n(iltlnn\ are set to he

T N (291
!
") - 1300
2
A '
= 0 2}—{- {31

where R is the initial curvature of wave front at = = 0.
and B -~ 0 for a diverging beam. while R < 0 for a
converging beam. Here. w,, 1s the initial beam width
and 1,n5 1s the initial peak field intensity. Then. Eq.
(26" ) can be straightforwardly solved. In the following.
we express our final results in terins of the squared peak
field intens<itv and the squared beam width as functions

ot .
] 4'&"7( .
A (z) = omt2) f(—v;l_; (3
P 133)
() = - = z :
! 2aaiz) 0 (
where
fizy = (’39‘”
-1 j?-43710

a2
R I | 341
-R- tpus } R (

Setting fiz) = 0. we can determine the focal length as

Yo {_)_ 2
Twea\ g R
L 135
9 {zi;l'ﬁ _ L >
¢ p“‘% Rl

where ¢, and 35 have been defined in Egs. (6} and
(9). respectively.  These results were obtained by
Akhmanov et al. 1966: for studving the self-focusing
effect in nonlinear optical medium. But the assumption
of a vlobal quadratic field intensity profile and the
peometrical optical approximation are required in their
work. From vur above analvsis. one can see that both
of those are unrealistic and unnecessarv for the near-
axis solution. For example. in the jonospheric F-region,
n o 5 - 10thm 3T, - T, = 1000°K. and the wave
frequency is taken to be 300 MHz. w,, - 100m. then the
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critieal field intensity 1z found to be 10 395V 0y For
a beam with 4, = 104}, the tocal length calculated
from Eq. 34} is about 4.2 K.

6. Summary and Discussion

In summary. our analvsis has showed that a
(aussian beam no longer maintains its shape during
the self-focusing process. A threshold or critical power
15 required for the self-focusing effect to overcome the
natural diffraction. If the incident power is much
greater than the critical power. the beam will focus at
the beam center. The theoretically determined focal
tength represents the upper bound of the characteristic
path length for the self-focusing process to accomplish.
This iz because we have not considered any energy
absorption process that mayv impede or cause the
saturation of the concerned self-focusing process. The
fact that the phase and amplitude of the wave field
vary drastically near the focal point as shown in
Egs. »25) and {32) also shed doubt on the validity of
neglecting the higher-order terms in Eq. i12). The
thermal effect. expected to contribute additively with
the ponderomotive force to the self-focusing effect.
should also be taken into account. More detailed
analvsis of this problem will be presented later.
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APPENDIX 3B

SPECTRAL BROADENING OF VLF RADIO SIGNALS
TRAVERSING THE IONOSPHERE

K.M. Groves
Research Laboratory of Electronics
Massachusetts [nstitute of Technology

Cambridge, Massachusetts 02139

Abstract

Nearly monochromatic signals at 13.6 kHz =1 Hz injected from a ground-based VLF
transmitter can experience a bandwidth expansion as high as 1% (~ 100 Hz) of the incident
wave {requency as they traverse the ionosphere and reach satellite altitudes in the range
of 600-3300 kilometers Bell et al.,1983]. We investigate two different source miechanisms
that can potentially result in the observed spectral broadening of injected monochromatic
V'LF waves. One:s the nonlinear scattering of VLF signals by induced ionospheric density
fluctuations that renders the nonlinear mode conversion of VLF waves into lower hvbnd
waves. [hese quasi-electrostatic modes result when the injected VLF waves are scattered
by ionospheric density fluctuations with scale lengths less than O.T(C/fp)(f,/fo)l/z. where
¢. fp. fo. and f, are the speed of light in vacuum, the plasma {requency. the electron
cvclotron frequency, and the VI.F wave frequency, respectively. A second mechanism
involves the excitation of electrostatic waves (lower hybrid waves, low frequency quasi-
modes) by the injected VLF waves. This process tends to produce a spectrally broadened
transmitted pulse with peaks at a discrete set of {requencies on both sides of the normunal

e

~arriter “-~quencv. Controlled study of the spectral broadening phenomenon by the

combined operation of two (one HF and one VLF) heaters in the so-called ionospheric

modification experiments is suggested.

Thesis Advisor: Dr. M. C. Lee
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1. INTRODUCTION

In this paper we propose two mechanisms to explain the recently observed bandwidth
expansion experienced by nearly monochromatic signals at 13.6 kHz =1 Hz injected from a
ground-based VLF transmitter as they traverse the ionosphere and reach satellite altitudes
in the range of 600-3300 kilometers (Figure 1) Bell et al.. 1983]. A schematic illustration

of this puzzling phenomenon is shown in Figure 2.

Ionosphere

s
_‘?,/”

LAl LLl

Earth

777777 // i,

FIGURE 1. Geometry of spectral hroadening observations.

*i Hz

[ONOSPHERE
e

4
i
-100 1

f 00

[

o™ §-

FIGURE 2. Bandwidth expansion of transionospheric VLF wave
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This expansion of bandwidth. which resuits in a proportional increase in signal-to-
nolse ratio, may be as large as 17¢ (~ 100 Hz) of the carner frequency. and the off-carrier
components are thought to be eiectrostatic in nature /nan and Bell. 1985, The five
tvpes of spectraily broadened transmitter signals which have been found are llustrated in
Figure 3. They occur only in the presence of impulsive VLF hiss and/or a lower hybrid
resonance ' LHR) noise band with an irregular cutoff frequency, and only for signals whose
frequencies exceed the LHR f{requency at the satellite location. The observed signal at the

carrier requency is usually suppressed relative to the sidebands.

The linear scuttering source mechanism was first suggested by Bell et al., (1983], who
“vpothesized the creation of the required ionospheric density fluctuations by precipitatuing.
low energy {< 1 xev) electrons. Such precipitation events have been accompanied by both
VLF niss and irregular LHR noise bands (McEwen and Barrington, 1967; Laaspere et al.,
1971: Gurnett and Frank, :1972). Bell et al. (1983) then speculate that the bioudening
of the transmitted pulse spectrum results from the scattering of the initial signals {rom
the precipitation-induced density fluctuations and the subsequent coupling into quasi-
electrostatic whistler mode waves of short wavelength. The Doppler shift associated with

‘hese short waveiength modes is large enough to produce the bandwidth expansion of the

signals measured on a moving satellite.

The first mechanism which we propose, presented in section 2, differs from that of Bell
=t al.’s in two basic aspects: 1) The dcnsit_y_ irregularities reguired for scattering may be
induced by the injected VLF waves themselves. rather than particle precipitation {Lee and
Auo.1984); 2) The proposed scattering is the nonlinear scattering of VLF signals by induced
ionospheric density fluctuations that renders the nonlinear mode conversion of VLF waves
into .ower hybrid waves. In other words, the scattering of VLF waves by ionosphernic
lensity Anctuations causes elliptically polarized modes. The induced elliptically polarized

modes mayv be predomunantly electrostatic.

The second mechanism. outlined in section 3, produces a spectraily broadened signal
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via parametric instabilities in two steps. In the first step, the injected VLF wave excites
both the Stokes and anti-Stokes components of lower hybrid waves. concommitantly
producing a field-aligned pureiy growing mode. The lower hybrid waves. acting as pump
waves . can then interact with low {requency thermal-level density fluctuations. generating
both backscattere 'nd forwardscattered lower hybrid wave sidebands. The frequency shift
of the sidebands sive to the lower hvbrid pump wave creates a spectrally broadened

signal. The processes mayv be summarized as follows:

step 1+ VLF — LHy. ~- Zero Frequency F A4 Mode

Step 2i LHy — LHqe. = Low Frequency FA Mode
where VLF. LH. ana FA stand for Very Low Frequency wave. Lower Hybrid wave. and Fiela
Aligned. respectively. The — — indicates that both upshifted and downshifted modes are

nroduced The excitation nf [.H waves by these processes may aiso result in the acceleration

of both electrons and ions. A summary and conclusion follow 1n section 4.
2. NONLINEAR WAVE SCATTERING

Theory

\ monochromatic v LF wave transmitted {rom a ¢round-based station intn space has
been observed to change from linear into circular polanization 11.e.. whistler modej as it
‘ravels through *he neutral atmosphere 1nto the 1onosphere Kintner et ai.. 1983  If a
ducted whistler wave mode i1s considered for simplicity, the wave electric field may be

represented as

Es = Eo(X ~1¥)1expilkaz — wat) Pl

there the - axis has been taken along the geomaguetic tield hines: w, 15 the transmittea

wave Trequency and ke, the associated wave vector. assumed to be along the : axis for a
Yyered mode. as gllastrated in Figure fa. Propagating into an unperturbed 1onosphere.
Aan-B-0
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the whistler wave satishes the electromagnetic wave equation

A
s 1 o° d. "
V- Eo - w+=Es = 1o -Jo tel
c= Ot- Jt
wnere ], 1s the iniform oscillatory current driven by the incident wave held in the
ionospheric plasma.
Y e
le-.\‘oEo

Jo = Melwy — Qe)

and e. N.. m, and ‘1. are the electron charge. uniform background plasma density. electron

mass. and the unsigned electron cyclotron frequency. respectively.

1\

T ! yJ

; '

: | -

KBok i 0 ko

J L
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x' \ X
ra {b)

VHGDRE

(;eometry of wave propagation for ai uniform 1onosphere:

H1ionosphere with irregularities present

In the preserice of Reld-aligned jonospheric density irregularities. the scattered wave.

allowing Tor longitudinal modes. can be described by

- = ~ s —&) V3
gl T Myt

where 2jc .~ the =~ uniform current induced by the interaction of the whistler wave neld

vith che density irregnjanties. Ve take the r axis along the direction of the Jdensity

re
.l“‘

giiarties whiech are assumed to he of the form

rn = Anexpakx Y




depicted graphicaliv in Figure 4b. The nenuniform current, éjs, can then be expressed as

. én,
0js = —etNgdv ~ —]Jo) (51

.'o
~here ¢/ 1s the :nduced veiocity perturbation. The scattered wave field has the general
form of

E; = xEx - 1YEy expitkoz — 2ot 1R

Solving the wave equation together with the electron momentum equation. the scattered

wave held 1s found to be eiliptically polarized

Eg = Et)((xn No)‘i - ‘i - iy)Es‘,exp:i\kQZ - .dot-):: fT

E s the ampiitude of the aircuiarly polarized component of the wave given by

5 2
[ R
Eq = ___q__ﬂ_% X
k22 (we = Q4]

where ~pe and ¢ are the electron plasma frequency and the speed of light in vacuum.
respectivelv. and x :s the wavenumber of the density perturbation defined bv 41, Writing

the scattered fieid in terms of the ionospheric irregularity scale length. N = 27 k. We find

~

-

E. = Ejexpikxi(én/Ng) X —(%x — iy)’? exp Ukopz ~ wat] "

Se——— AL

LP CP ¢
Ahere,

"

A, = \"érr(c,wpe}(ﬂc,uo)l “ 4.4 ko

[he scatterea feid 1s composed of a linearly polarized 1 LP) part and a circulariy polarized
P vart as indicated in 09). If the ratio (/\2,,\3‘\ “ 1T ite.. k " kot the scatteren
wvave s dormnated by the hnearly polarized component. which oscaillates in the direction
A the irreguianty wavevector, k: hence, the wave 1s electrostatic 1n nature and exhimits

L hroaaened, »narged wave vector spectrum relative to the incident wave. The Dopp.er

chaft freguency tneasured by a moving satellite wijl he vniaived as weil.
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The conaition found above for effective nonlinear scattering into quasi-electrostatic
modes requires \ <« A.. Tvypicali plasma parameters for the upper ionosphere lower
magnetosphere region of interest are wpe, 27 = 0.5 MHz. 1, 2r = 0.6 MHz. Assuming
annadent frequency of w, 27 = 13.6 kHz, we calculate A. = 1.3 km. The magnitude of
"ne bandwiath expansion measured by a moving satellite due to the Doppler shift of the
<catterea VVLF wave 1s -
ke - ve vgcosh _ Vs

AN = ~ ~ 2
oy 3 ; (10

where vg 1s the velocity of a satellite moving across the earth’s magnetic field as shown in

Figure 5. and kg = kx - koZ.

FTIGURE 5. Schematic of Doppler shift phenomenon

(iiven v = = xm sec and Af = 100 Hz, we find A ~ S0m <« \., so the

ndyuon for noninear scattening 1s well satisfied. Thus we have found that ronosphenc

rreghianties wth scale lengths of several tens of meters can produce Doppler shifts of

\
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‘he onserved magnitude. l[onospheric irregularities can occur naturally or be created by
‘he incident VLF waves. Particle precipitation can produce irregulanties with a broad

range of scale lengths in a region near the F-laver peak. about 300 km above the earth’s

~urface. However. the reduced phase speed of the scattered quasi-electostatic wave leads
"o sigmificant Landau damping of this wave mode. and the amplitude of such a wave
lecreases exponentially as it propagates upwards to satellite altitudes of 600-3800 km.
Nevertheless, the required irregularities can be induced by intense VLF waves iocally Lee
and Ruo. 1984 . Furthermore. these wave-induced irregularities possess a relatively narrow

spectrum of scale lengths ranging {rom a few meters to a few tens of meters.
3. EXCITATION OF ELECTROSTATIC MODES

Parametric Ezcitation of Lower Hybrid Waves

In this section we discuss the proposed second mechanism responsible for the observed
VLF <pectral broadening that involves the parametric excitation of lower hvbrid waves and
ronospheric irreguiarities. As in the previously considered case of nonlinear scattering, the
ncident wave s also assumed to be a ducted whistier mode with ko = koz. propagating
along the geomagnetic field lines, taken to be the : axis. Assuming the space-time
Jependence of the perturbations to be expii(ko - r — wt)' | the first physical process of

VLF —— LH;. - Zero Frequency FA Mode can be described by the following wave

frequency and wave vector matching reiations:

Wl. Ty T oo T o Yy
kl,‘ks:ikozkl_‘ks (11]

- and s refer to the Stokes anti-Stokes components of the high
reauency iower hvbrid sidebands and the field- aligned zero {frequency mode. respectively.

Tlaosang the r axis to coincide with the wave vector. ke. of the field-aligned modes . as

.hown :n Figure Ba. and expressing the frequency w, = 1~ {Reiw,. = 0). the matching




conditions 1111 mav be represented by

Wy = wo T 1Y

x
[

t

}

= z2ko = Xks 112)

This process has been investigated in detail in Lee and ARuo. 1984:. For the upper
ionosphere in the frequency range of interest. the nonoscillatory current resulting from
the beating of the density fluctuations associated with the lower hybrid wa'ves and the
electron response to the whistler pump field is found to be the dominant noniinear effect.
The scale lengths of the zero frequency modes are found to be a few tens of meters: hence.

ks > ko.

4 z

Fod
(28]
|
|

to

ol
'

-

v

za) (b)

FIGURE 6. [llustration of wave vector matching relations for a) Step 1: b) Step 2

Stimulated Scattering of Lower Hybrid Waves

The lower hvrid waves generated by the first process. with wave vector and wave
‘requency denoted by ky. wy. respectively. can act as pump waves to produce high

‘rnquency iower hyvbrid sidebands (kg.w9). and low frequency field-aligned modes tky. «t.
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Re w¢ <« <71 via the second parametric instability described by the following matching

relations,

w2E = W) Ty

kor = ky = ks (13
where the subscripts — ~ refer.to the anti-Stokes, Stokes components of the lower hybnd

sidebands. The wave vector matching relation for this step is illustrated graphically in
Figure 6b. The Stokes component of the sidebands may be chosen as an eigenmode of
the plasma by setting kg = 2ky, which minimizes the threshold of the instability. Whije
the backscattered sideband mode has the same scale length as the pump wave. that of

the forward scattered sideband mode is one-third of the pump wavelength. The dispersion

celation obeved by the LH pump wave is given by,

i I3 l 2
wy = 9pil = (mikyy, meky )t/

where i
222,31
(whi = kivg)

‘ 1/2
(1 *W;',C/Qg) !

“lh =

is the lower hybrid resonance frequency.

The high-frequency sideband modes are driven by the beating current induced by the
oump wave field on the density perturbation associated with the low-frequency mode. The
nonosciilatory low-frequency mode, by contrast. is driven primarily by ion nonlinearity,
including the ponderomotive force and the nonoscillatory beating current. While the

nonderomotive force acts as the driving source. the nonoscillatory beating current imposes
a stabilization effect on the instability.
The plasma dynamics under consideration are determined by the momentum equation,
mynjd’0t = vi - Ulvy = njq)lE - vj < Bo) - VT)n 114)
“ne eoation of continuity,
t318tn; ~ ¥ - njv

i = 0 Y
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and. in the present case of low frequency oscillations, the quasi-neutrality condition,

n; = ne 116)

where n. q. and T represent particle density, charge. and temperature in units of energy.
The subscript ) refers to the particle species: i for H™ ions or e for electrons. as wrnitten
explicitly in (161, Wavelike perturbations are assumed. having the form ény.vy; -~
expittky - F — wyt): ny vy ~ expiiks T — wyt); and dn.,ve ~ expi(ko. - r — Lo.t)
where koo and «a- are defined by (13). Under the electrostatic approximation we may
also express the electric field. E . as the gradient of a potential function. @. The interaction

of the high frequencv LH pump wave with the high frequency LH sidebands drives the low

frequency field-aligned modes: the corresponding momentum equation is.
ar'smjvsj = iqj/ no(vsj X Bo) - ksT‘j[ns/ no) - 1Fj ‘17}

ahere Fj. the noniinear ponderomotive force arising {rom the convective, has the form

— L . ., o — . .. _— . ., . . . ‘.‘
Fj = ~imjko 1vijvgy = v jvos) — ke viiv_; ko voyvly

Appiving (16} to the =quation of continuity, we obtain

*‘s(ns:ﬂo):ks'(Vse*Vgl):ks'(Vsi*‘Vpl) sy

where the induced electron and ion nonoscillatory beating currents are defined by

nl__ . . . L . .
novj =énl v.j érzc,]v_J énﬂvoJ 61'1_JvOJ (19

The velocity responses of the electrons and ions to the lower hybrid wave fields in (19} may

be found by solving the linearized momentum equations for both species: the result 1s

Veo.t = —iko‘t X \i -+ .ly(u)o_:/ne) - ii(kozﬂe//kol_\do‘t);
., . Y N
< (edo,, . Melle) — (V{éNeo .. Nofle) 2200 .
Vie.. = ikO.t x ti(Qif‘“’o,: -1y - -‘i(koz//kox)yj
< (edqs,, ‘Miwo,, ) = (VaéﬂiO.:.'nowo.: ) 21
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The equation of continuity can then be linearized and solved for the corresponding density

perturbations,

- 22 ,. 2022 2
f"neo_: :[n()e/meﬂg )k(;." {(1 - kOZQC.’ ko -AJO'._}OO.:

- éo‘thko‘_ : k:; Hwo W= )1 — "on- kgL*’g)
(1 - kods‘»ksu—o)ll —+ ‘ko ‘LQ/Q.)(]' - kgzﬂe/ko "";).
< 0ol sy o) 1 = (kS vie/Q3)(1 - k5,02 /K3_wo, )7 22)

9

)k; . 100‘: - 50.:(ko/kt )(“)t /o)

-
.
- tEA

énjo . =InNoe/mjw
el B
< (1 ~ kows, , kswo (1 kg 31/“"5)‘1’0(“5:/“0)1

v 2 2 2 \-1 .
« {1 ”kO,t*vti/‘”O.t) (23)

where §, = 0 and é~ = 1. Substituting these first-order results and solving ([T)—(IQ).
together with a similar set of equations governing the interaction of the LH pump wave

and the low frequency field-aligned mode. and assuming «'y << wo, the following dispersion

relation is obtained
2
aug—‘-bus'—cws-»d:f) 124

where

a = 2ATkoksv 2, KLCH(T = K2CE/Q8)/wy(1 = o3,/ 0)
b=1-A%1-k2CH k3 (k2 - 1k)v] ki, Clut — w2 0d)?
¢ = kHCI(1 - kil
d = A/ CH w1 + ol /D (v wi{in/all = kivi/w])
—afe? kB3 0.0p - a3kl ke - 2k ) kel 1 - kIvE, o))
- $AKIKE — 4kDCIVE)
V= 1wl 0F - p(wde - 10kivE) Q2 125

2022 2
n =1 -k, Qe kijwy
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B L2222 a2
a =N 0l - K‘l‘le - "'kl\r‘e QQ)
"

Vie = 3T. me

3T, m;

“
1

Substituting wy = «» — tv into (24), two equations for the growth rate. -~. and the real
{requency, wr, are obtained,

3% = d/(b ~ 2aw)l ~ w} (26)
lb*ﬁaw,)s—b(b*'lau,)z~ac(b~.—?.aw,)—a2d=0 (27

Setting ~ = 0 to determine the threshold of the instability, (26) and (27) may be solved

for the coethcient. d. giving

d =2a{ib 3a)” — <. 3a(b,3a1® ~c/3a"’? — (bs3a)® ~ be 6a” ] {

28)

Equating this result with the expression in (25), we find the threshold condition of the

instability requires

o]

V’ii 2 V{h, >~ {%(kszCs/’u}l)(?—kl/ks)‘l -~ u‘.‘ge,'ﬂg)

9 o . 1 n . a o
1 =h3? 3R < 2h/3)) 3(1 - KICE Q) 1CT < pra - awi Qe TH 20,

. . . . . 9. . 1,9
where v, = eEj, mjw) is the ion quiver velocity. h = b~ “3ac. and C5 = (T, - T,) m; s

the acoustic speed in the ionospheric plasma. When the lower hybrid pump field strength
1s sufficient to produce quiver velocities in excess of that required by (29), positive growth

rates for the instability occur.
Characteristics of the Instability

This mechanism has been analyzed for typical plasma parameters in the upper
ionosphere lower magnetosphere. namely for: wpe, 27 = 0.65M Az C, 27 = 055V H =
“p, 27 = 15K H 2 Q27 = 530H = m/MH™) = 5.45 x 1074 T. = T, = 1000°K. The

analysis was carmed ont in the spectral range about kg = 2kg, consistent with previnus
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FIG. 7. Spectral dependence of the instability growth rate
(solid line) and the real frequency of tlie low-frequency quasi-
mode (dotted line) when vy, = C,: where € = 1072,
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assumptions. [llustrated in Figure 7 1s the spectral dependence of both the growth rate
of the instability and reai frequency of the low {requency. field-aligned mode. The real
‘requency nf this low {requency mode corresponds to the detected broadening of the VLF
wave frequency by the orbiting satellite as shown by the frequency matching condition.

:31. The plotsn Figure 7 were calculated by solving the complete dispersion relation. (22} :
and (23). for the instability assuming an electron quiver velocity, voe = Vgilwo, ;) = Cs
The growth rate. 5. goes to zero near ks = 2koll — €}, because the threshold electron
quiver velocity exceerds C¢ at this point. As can be seen in Figure 6. the growth time of

the 1nstability 15 about 100 ms: for pulse lengths of the order ci one second. sigmficant

zrowth can occur. The growth rate and spectral range of the instability increase lineariy

with the pump power

as vae - Cs v 2 Although the calculated magnitude of the broadening is less than the
observed values of 100 Hz. 1t increases by a factor of two for an order of magnitude increase

in the electric field strength of the lower hybrid pump wave.
4. SUNMDMIARY AND CONCLUSION

In <ummaryv. we have investigated two possible source mechanisms that can be
responsible {nr the observed spectral broadening of injected VVLF waves. In the presence
of i~naspheric irregularities with scaie lengths of several tens of meters. the nonlinear
.cattering of the VLF waves off these density irregularities can produce quasi-electrostatic
modes with larger wave vectors which give rise to the apparent spectral broadening through
the Doppler shift observed by the moving satellite: the broadening produced through this
mecharism 1> ol *he same magnitude as the observed values. The amplitude of the quas:-
~lectrostatic modes depends linearly on the amplitude of the ionospheric irregutanties. One
nossible souree of the field-aligned ionospheric irregularities is particle precipitation Bell.

ot al.. 983 . However. irregularities with the required scale lengths can also be induced
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locally bv the VLF waves themselves via the parametric instability described by Lee and

Ruo. 1984 .

Spectral broadening of the incident wave packet may also stem from the second
mechamism. which involves the parametric excitation of lower hybrid waves and low
frequency quasi-modes. The {requency shift resulting from this -ocess is generally less
than the observations. Howevevr. it is significant and it increases with the field intensity of
the lower hybrid pump wave. These two suggested mechanisms can contribute additively to
the observed spectral broadening of injected VLF waves reported by Bell. ef al., {11983 and
others. The broadening introduced by this mechanism 1s significant in that it produces a
wave {requency spectrum which exhibits suppressed field intensity at tine carrier frequency
and enhanced intensity at a discrete set of frequencies on either side of the carrier frequency:
such spectra are frequent]y observed. Furthermore, the lower hybrid waves excited by this
mechanism have enlarged wave vectors, so apparent broadening due to the Doppler effect

comparable to that calculated in the first mechanism is expected.

Another interesting phenomenon associated with the excited LH waves is the
acceleration of both ions and electrons in the ionosphere. The LH pump wave generated
in the first step of the mechanism has a relatively large phase velocity and can interact
effectively only with electrons in the tail of the velocity distribution function. By contrast.
the phase velocity of the forwardscattered LH sideband wave generated in the second
step of the mechanism is one-third of the pump wave phase velocity, and the parallel
i perpendicular) component is within an order of magnmtude of the electron (ion) thermal
velocity. Thus, the upshifted LH wave may accelerate bulk electrons and ions along and

across the geomagnetic field lines, respectively.

[he proposed mechanisms can be tested in the so-called ionospheric modification
~xperiments with the combined operation of two heaters in the {ollowing scenario. depicted
n Figure 5. {uitially, a high {requency |HF ) heater wave 1s transmitted from the grounc

*o illuminate the 1onosphere. producing chort {meter)-scale field-aligned ionospheric
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FIGURE 8. lonospheric Modification Experiment

irregularities. The subsequent injection of a VLF wave through the HF wave-modified

ionospheric region will induce lower hybrid wave modes via either noniinear scattering

off 1onospneric irregularities or parametric instabilities. as elucidated in the previous

sections. [he induced lower hybrid waves can effectively accelerate electrons and thereby

heat the ionospher:c plasma. Physical observables associated with this heating 1n~luda

airglow enhancement (e.g.. 6300 4, 5577 A. and shorter wavelengths) and a broad height

distribution of enhanced pla.ma lines. In addition. backscatter radar measurements can

be used to monitor the expected intensification of the field-aligned ionospheric density

irregularities by the V' LE waves.
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IONOSPHERIC MODIFICATIONS BY TWO HEATER WAVES

ADstract

The ionospheric modification caused by an HF or MF heater wave can be enhanced with the subsequent
:lumunation of the ionosphere by a powerful VLF wave. The proposed scenario of ionospheric modifications by
the two heater waves 13 based upon the followng physical processes. Let the HF or MF heater be operated in
a puise-wave mode to assure the excitation of short- rather than large-scale ionospheric denmiy irregulanties.
These excited ionospheric density stnations can effectively scatter the VLF wave :nto a lower hybnd wave
via the nonlinear mode conversion provided that the scale lengths of ionosphenc irreguianties are much less
'han the wavelength of the VLF wave. For example. the wavelength of a VLF wave at the {requency of
:0 kHz 1s of the order of 500 meters 1n the ionosphenc F reqion. The preferenuial excitation of meter-scale
~nospnernc irreguianties oy the HF or MF heater wave can provide the subsequently injectea VLE wave with a
‘avoraoie condition for the noniinear mode conversion. These density striations. in fact. can aiso be intensified
by the powerful VLF wave via a plasma instability that can concomutantly generate lower hybnd waves.
The :onosphere modified by the two heater waves is expected to have intense lower hybrid waves and short-
scale 1onosphenc density striations. These VLF wave-produced electrostatic waves can effectively heat the
ionospaenc plasma. Enhanced modification effects in, {or instance, airgiow and height distnibution of plasma

'ines are expected. The proposed experiment can provide the controiled study of the spectral broadening effect
3¢ propagatuing VLF waves.

1. Introduction

\, discussed in Groves ofoal  19%T 4t the [9nT lunospheric Effects Svmposium. VLE waves can He
Linearis scAliered (nto ioaef L D0 AAVes T thofl-scale tonusphetic censity irreguianties. v LF waves. i
Ltense snough. can also eXcite .ower hvbrid waves and 1onospheric irreguiarities via parametric instabihties
Cre and Kuo. 1734 Based upon rhese thenretical aorks. we propos? an expenimental scheme for 1onospheric
teating nv two heater waves. Ones an HE or MF heater wave ana the other one is a VLF heater wave.
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The oroposed scheme 13 as [oilows: :llumination of the ionosphere by an HF or MF wave first and.
then, a VLF wave subsequentiv 1see Figure (). [t has peen xnown poth theoreticaly and experimentaily tnat
snort-scaie i1.e.. less than a few meters) 1onosphenc irreguianties can be excited within a second bv HF heater
~aves. wnile 1t takes lens of seconds or {onger for iarge-scaie 1say, hundreds of meters and longer) :onospnenc
rreguiarities (o De zeneratea see. e.g., Fejer. 1979 and Gurevich. 1978 for o review:. As shown in Groves et
al. 1937 and eiaboratea in Section 2 of thus paper, short-scale j1onospneric density strations can efectiveiy
rause the conunear scattering of VLE waves into iower hybnd waves. Hence. we only need to operate the
HFE or MF heater :n pusea mode to assure the excitation of meter-scaje 10nosphenc regulanties. Dunng
*he vertical ionospnenc neating, the HF heater wave {requencies should be less than the FOF2 for overaense
~eating of the jonospnenc F remon. ‘When an MF heater is used, the wave irequency s required ‘o matcn
the iocal eiectron gyrofrequency ia the ionosphere to produce short-scale jonosphenc irreguianties via ejeciron
“vciotron neaung Lee et ai.. (386

The proposed expenment has duai purposes: 11 enhanced ionospheric moaifications by the combinen
:peration of two eater waves, and 1 2) contro:led study of the spectirai broagemungof VLF waves. The suggestea
i1agnoses {or the expected jonospnenc efeats shall be discussed in Section 3. [n pnoapal. the two mecnanisms
siucidated (o Groves ~t al. 19%7 can be expenmentaily distinguished.

2. Heater Waves-Induced lonospheric Effects

“anmous plasma instabiiiliies can be exaited by HF heater waves during overdense 1onosphers neating. [n
~SS TTAD A teC.NAL ROTU ICAe S NOSDReric density sirations can be generated concuMItantv wi'n Landmuir
4Aves. .pper nvOTIQ waves ~t¢ [l requires tens of seconds for the generation of iarge-scale :cnospnenc
rreguiantes oy seif-{ocusing instabiity or thermar flamentation instability  [arge-scaie irreguianities . an
Live tise 1o pnase and amputuae santiifation of beacon sateilite signais. These wave interference paiterns mav
not be assoctated with sigmificant attenuation of the radio signais. By contrast. tne short-scale irreguiar: rs are
able 1y rause anomaious ansorption of the radio signais via nonlinear scatienng that converts eiectromaxnet:c
~¥ave energy into eiectrostatic wave energy (eventuaily. piasma kinetic energy; 1o the i1onosphere

Basicaljv, snort-sca’e :onosnneric irreguianties induced by an HF or MF heatsr wave can scatter 'ne

wrenariv poanzed VLE wave tnto an ellipticaily polarized wave. A lLineariy poianzed componeat { tne

aitteren wave is niroauced v oine neid-aiigned :onospheric irregularities. in olher words. 'ne scatieres
~istier - LE - wave neid i< composed of two parts:

Ey =expuky,: —L, 0l ~ W'E‘p = 's'E.’p}

{
arnare P una DL senresent tne wave neid intensities ol the irclariy colarized component and the Lnear.y
entrespecuvety. For simplicity, a ducted whistler wave Dropagating a.cong tae @ oLreciion

cand £ . are ‘ouna to he rerated nv

S N e o i sre@iial ties a0y e aaLecenginl ooy o A NLRT A e

A s aane wt e tregensy o1 kHzoos vectent anid e noSDReTC corndit e ns are aay pooet

emctron Fyvootron freauency = 3 LHz ana . eiectron p.asma frequency =on S{Hzo the wrister

re~ “Lund o be about 300 me'ers According to Fauaton -2 . £y, formicates cver
Hae e cmrerocoale rragerarnities produces oy HEY 8 M E Seater wave can erfect ey
camegion o of a v LE wrnistiery wave into a swer Avhod wave [ he naraer arn

wer avosid avave are pdentical to o ine wave vactor of the duciec whistoes

TLOSDOeTIC TR LATINIeS, TasDeclively

yitering nracess esurs at any meid intensity of the inevient VIE wave

17 ntense enengh W LE waves as suggested n Lee ana Kuo 179y

ROSDReric rregeiianities asshciated with ero-freguency modes can
-

St owases v tme S TE Gaves The axeited lower Ruhrg

Arrio nstanialy tnatl generaics daugnter lower hvbrd waves and



ionospheric irregularities of the order of a few herts. Therefore. the HF or MF heater wave-induced short-
scale ionospheric irregularities can be further strengthened by the VLF heater waves. It should be mentioned
that zero-frequency modes behave as a standing wave pattern, whereas low-irequency field-aligned modes can
propagate scross the earth’s magnetic field.
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Figure |. The proposed experiment: illumination of the
1orosphere by an HF or MF wave first and. then.
a VLF wave subsequently

3. Disgnos:s of Expected lonospheric Effects

It is yenerally believed that spread F echos in ionograms and scinullaticr. phenomena are caused by large-
scale (say, hundreds of meters} ionospheric irregulanities. The generation of large-scale ionospheric denmty
irregularities, therefore. can be sensed by ionosondes and scintillation measurements of radio stars or beacon
satellite signals. By contrast. the presence of field-aligned short-scale (a few meters and less) irregulanties can
be detected bv backscatter radars.

3acikscatter radar measurements -an also be made for detecting the excited lower hybnd waves when
the radar’'s beam angle 1s 30° with respect to the earth’'s magnetic field. The recorded incoherent backscatter
radar spectrum shnuld look like a double-humped 1on spectrum peaking at the lower hybrid wave frequency.
Since lower hybna waves can accelerate electrons effectively along the geomagnetic field, airglow enbhancem ot
due to the impact excitation of neutrals bv energetic slectrans ran he expected. ‘easurements oi airgiow
at 6300 4 (reo). 5577 4 igreen). and even shorter wavelengths may possibly be observed. In additioa. the
techique descnibed 'n (arison et al. 1982! for finding the height distribution of enhanced plasma lines 1s
capable of distinguishing further the electron acceleration by Langmuir waves and iower hybnid waves that are
pruduced, respectivety, by HF and VLF heater waves.

z\DD-(:” 3

-——




4. Comments on the Proposed Experiments

There are severas lonosphenc neating faciiities operated at the frequencies of a few MHz in tne HF or MF
sand in tae U.S.A., Europe. and the U 3.5 R. VLF transmutters have been used at different locations for the
study of wave-particle interactions 10 the magnetospnere. However. 1t may not be possible to use the exusting
HF tor MF) and VLF transmutters tor the proposed experunents. Since VLF waves in a narrow frequency
Sand can be generated by lightning storms. the experiments can be carried out with available 1oncsphenc
hsating facilities during lighining storms. [t is not necessary to have lightmng storms occurnnog nearby. [f
ightmung occurs at the conjugate location i1n the opposite hemusphere, the lightming-induced VLF waves can
propagate 1n ducted whistler wave modes and bounce back and forth for several cycies before they die out.

For the controlled study of the spectral broadening of VLF waves. the experiments require an air-borne
\ LF wave detector carned by a moving satellite or a rocket, flying through the ionosphere that bas been
modified by an HF or MF heater and a VLF heater. The predicted spectral broademing eflect wnil be most
promunent if the aircraft moves across the geomagnetic field petpendicularly.
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